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Upregulation and nuclear translocation of testicular 
ghrelin protects differentiating spermatogonia from 
ionizing radiation injury 

W Li^ ^ Y Zeng^ ^ J Zhao\ C-J Zhu^ W-G Hou*'^ and S Zhang* "^ 

Proper control of apoptotic signaling is important for maintenance of testicular homeostasis after ionizing radiation (IR). Herein, 
we challenged the hypothesis that ghrelin, a pleiotropic modulator, is potentially involved in IR-induced germ cell injury. Lower 
body exposure to 2 Gy of IR induced a notable increase of ghrelin expression in the nuclear of differentiating spermatogonia at 
defined stages, with an impairment in the Leydig cells (LCs)-expressing ghrelin. Unexpectedly, inhibition of the ghrelin pathway 
by intraperitoneal injection of a specific GHS-R1 a antagonist enhanced spermatogonia elimination by apoptosis during the early 
recovery following IR, and thereafter resulted in impaired male fertility, suggesting that the anti-apoptotic effects of evoked 
ghrelin, although transient along testicular IR injury, have a profound influence on the post-injury recovery. In addition, inhibition 
of ghrelin signaling resulted in a significant increase in the intratesticular testosterone (T) level at the end of 21 days after IR, 
which should stimulate the spermatogenic recovery from surviving spermatogonia to a certain extent during the late stage. We 
further demonstrated that the upregulation and nuclear trafficking of ghrelin, elaborately regulated by IR-elicited antioxidant 
system in spermatogonia, may act through a p53-dependent mechanism. The elicitation of ghrelin expression by IR stress, the 
regulation of ghrelin expression by IR-induced oxidative stress and the interaction between p53 and ghrelin signaling during IR 
injury were confirmed in cultured spermatogonia. Hence, our results represent the first evidence in support of a radioprotective 
role of ghrelin in the differentiating spermatogonia. The acutely, delicate regulation of local-produced ghrelin appears to be a 
fine-tune mechanism modulating the balance between testicular homeostasis and early IR injury. 
Cell Death and Disease (2014) 5, e1248; doi:10.1038/cddis.201 4.223; published online 22 May 2014 
Subject Category: Experimental Medicine 



Spermatogenesis, a finely tuned process, is very sensitive to 
endogenous and exogenous stress J Cancer therapies such 
as radiation often lead to a temporary disruption or a complete 
arrest of spermatogenesis."* In major cases, detrimental 
effects of ionizing radiation (IR) on biological tissue are 
mediated via indirect interactions, which increased production 
of hydroxyl radicals (•OH) by radiolysis of H2O, followed by 
the abnormal elevation of cytotoxic reactive oxygen species 
(ROS) and oxidative damage.^'^ The latter results in a cell 
cycle block, followed by apoptosis if the damage is severe. 
The apoptotic death of selected germ cells (GCs) after 
irradiation helps to maintain the proper ratio of the GCs to 
Sertoli cells (SCs).^ Although p53 is necessary for radiation- 
induced GC death, the relevant biochemical events following 



p53 activation in testis have not been well characterized. 
On the other hand, IR differentially induces apoptosis of 
GCs, with the actively dividing spermatogonia being 
the most susceptible.^ To this end, strict maintenance of 
genomic stability and prevention of excessive damage in 
spermatogonia are essential for successful outcome of 
meiosis to assure the fidelity sufficient for proper post- 
irradiation heredity. 

Ghrelin was originally identified as the endogenous ligand 
of the growth hormone (GH) secretagogue receptor (GHS-R). 
Since then, an increasing body of evidence demonstrates its 
potential involvement in male reproduction. ""^ Ghrelin and its 
functional receptor are expressed in rat and human testes.'''' 
Ghrelin has been mainly observed in interstitial Leydig cells 
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(LCs).^^ Functionally, ghrelin can inhibit the human CG- and 
cAMP-stimulated testosterone (T) secretion in vitro?^ In 
addition, we have shown that deregulated ghrelin expression 
contributes to the pathogenesis of leptin-deficiency induced 
male infertility.""^ Collectively, ghrelin may serve as a 
pleiotropic modulator of male reproduction.''^ 

Recent works point to a direct participation of ghrelin in the 
GC apoptosis. For example, ghrelin administration signifi- 
cantly suppressed proliferation-associated peptide PCNA in 
the spermatogonia as well as spermatocytes.^^ Inhibition of 
ghrelin signaling reduces GO apoptosis and thereby resulted 
in improved sperm production in ob/ob mice.^"* In addition, 
ghrelin can inhibit expression of the gene encoding stem cell 
factor (Sc/), which acts as the major paracrine survival factor 
during GO injury. Nevertheless, the role and underlying 
mechanism of local ghrelin in the testicular GOs apoptosis 
under certain pathological conditions remains elusive. 
Therefore, the present work attempted to explore the 
possible involvement of testicular ghrelin in the IR-induced 
testis injury. 

Results 

Expression of testicular ghrelin correlates to the 
increased apoptosis after IR injury. Testicular expression 
of ghrelin was first explored at the mRNA and protein levels. 
Initial quantitative reverse transcription-polymerase chain 
reaction (qRT-PGR) analyses demonstrated a clear-cut 
elevation in ghrelin level in response to testicular IR 
treatment, with no difference being detected between two 
post-treatment time points (Figure 1a). This expression was 
confirmed at the translational level (Figure 1b). In control 
mice, ghrelin immunoreactivity was mainly detected in the 
cytoplasm of LOs, which was substantially abolished by IR. 
Conversely, ghrelin immunoreactivity was predominantly 
localized in the nuclear in the outer layer of the seminiferous 
tubules after IR (Figure 1c). IR-induced ghrelin expression 
appeared to be restricted to spermatogonia as shown in 
higher magnification (inset in Figure 1c). In particular, ghrelin 
first appeared at Stage ll-IV, maintained a stable level at 
Stage V-VI, and reached the highest level at Stage VII-VIII 
(Supplementary Figure SI). The subcellular localization of 
IR-induced ghrelin was further confirmed by immunoblotting 
analysis with cytoplasmic marker Gapdh and nuclear marker 
histone HI in the extracts from isolated spermatogonia 
(Figure Id and Supplementary Figure S2). Because the 
killing of male GCs by radiation has previously been 
attributed to apoptosis^ (we also confirmed that increased 
apoptosis not aberrant cell proliferation contributes to the cell 
loss in irradiated testis (Supplementary Figures S3 a-c)) and 
the apoptosis of the murine GCs after testicular IR reaches to 
the maximum level at about 16 h (as assessed by the 
apoptotic index. Figure 1e), we next determined whether the 
GCs expressing nuclear ghrelin were experiencing apoptosis 
using double immunofluorescence analysis at this time point. 
TUNEL-positive cells (empty arrows in Figure If), which 
have been confirmed to be spermatogonia (Supplementary 
Figure S3d), appeared in the outer layer of the seminiferous 
tubules at post-treatment 16h. In contrast, no apoptotic 
GCs were found positive for ghrelin immunostaining 



(arrows in Figure If). These results are collectively indicative 
of a potential involvement of ghrelin in IR-induced testicular 
injury. 

Inhibition of ghrelin signaling enhances the IR-induced 
testicular mitotic damage. Subsequent analyses were 
directed toward the characterization of the role of endo- 
genous ghrelin signaling in IR-induced GC injury. We treated 
mice with [D-Lys-3]-GHRP-6 (D-GHRP) (Figure 2a), a 
specific GHS-RIa antagonist, which had been shown to 
effectively inhibit the effects of ghrelin within the body.'''* We 
first demonstrated that D-GHRP treatment alone exerted no 
apparent toxicity to the GCs development (Supplementary 
Figure S4). After D-GHRP treatment, very few GCs inside 
the seminiferous tubules were found positive for the nuclear 
staining at post-treatment 16h, suggesting that disruption of 
the interaction between ghrelin and its receptor can efficiently 
block the ghrelin translocation in response to IR insult 
(Figure 2b). Subsequent quantitative TUNEL analyses 
revealed that inhibition of ghrelin signaling significantly 
enhances the IR-induced GCs apoptosis at post-treatment 
16h, with no difference being detected at post-treatment 
21 days (Figure 2c). As shown in Figures 2d-f, the relative 
percentages of primary spermatocytes (4C) in vehicle and 
D-GHRP treated groups at Post-IR 16 h were both signifi- 
cantly increased as compared with that in control mice 
treated with D-GHRP alone (P<0.05). In contrast, only a 
notable increase was observed in the relative percentages of 
spermatogonia (2C) in D-GHRP-treated groups at post-IR 
16h. As for post-IR 21 days, the relative percentages of 4C 
and spermatids (1C) were both significantly reduced in 
vehicle + IR or D-GHRP + 1 R-treated groups, with a signifi- 
cantly lower value of 1C being detected in D-GHRP + IR 
groups. The effect of D-GHRP treatment on IR-induced GCs 
loss was also morphologically confirmed in hematoxylin and 
eosin staining (Supplementary Figure S5). These results 
indicated that the genetic damage induced by IR probably 
originates from spermatogonia, and may not be effectively 
repaired in the absence of ghrelin signaling and thereafter 
manifest itself in late stage of spermatogenesis. To further 
identify at which stage the differentiation of spermatogonia 
was blocked, we performed qRT-PCR analyses on testis 
RNA from D-GHRP or vehicle control-pretreated mice at 
post-IR 16 h using specific primers for mouse ZbtbW and 
Pou5f1 (undifferentiated spermatogonia), for mouse Kit and 
S0/7//72 (differentiating spermatogonia) and for mouse Ldli-c4 
(preleptotene spermatocytes), respectively. ''^~^° All cell 
markers tested proved to be constantly expressed at post- 
IR 16h, with the significant decreases only being detectable 
in the differentiating spermatogonia of D-GHRP-pretreated 
groups (Figure 2g). These data suggest that the protective 
effect of endogenous ghrelin against testicular IR insult 
mainly occurred in the differentiating spermatogonia. The 
available data made us wonder whether the surviving 
spermatozoa are capable of inseminating an egg, thereby 
retaining their reproductive competence. We carried out the 
mating experiments at the end of 45 days after IR treatment 
because spermatogenesis is considered to be completely 
reconstituted around this time point after a low-dose 
irradiation.^^ Overall, the fertility potential was substantially 
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Figure 1 IR treatment at a dose of 2Gy evoked a significant increase in the expression of testicular ghrelin. (a) The relative expression levels of testicular ghreWn at 
different time points after IR treatment were monitored using quantitative RT-PCR (qRT-PCR) (n = 3). (b) Western blotting analysis of ghrelin protein levels at two time points 
after IR treatment. Actin served as a loading control, (c) Testicular sections from Bouin's-fixed paraffin-embedded testes were immunostained for ghrelin using a rabbit 
anti-ghrelin polyclonal antibody. Immunoreactive ghrelin appeared as reddish-brown precipitates and was mainly detected in the Leydig cells (LCs) of control testes and in the 
spermatogonia (Spg) of irradiated testes, respectively. Sections immunostained with a preabsorbed serum (NC, negative control) showed no positive signals, demonstrating 
the specificity of this antibody. Higher magnifications of the basal spermatogonia layer of the tubules are shown as insets. Spc, spermatocyte; Esd, elongating/elongated 
spermatid. Bar = 20//m. (d) After exposure, Spg were subjected to cytoplasmic and nuclear fractionation analysis followed by immunoblotting analyses as described in 
Materials and Methods, (e) The apoptotic index was determined by the percentages of seminiferous tubule with more than three TUNEL-positive cells. More than 200 tubules 
were scored for TUNEL positivity. Data were presented as mean ± S.E.M. from at least three independent experiments, (f) Combined TUNEL (empty arrows) and double 
immunofluorescent labeling indicates non-apoptotic germ cells expressing ghrelin (arrows) at the end of 16 h after IR treatment. Nuclear are demonstrated using DAP! 
staining. Bar = 20/im 



restored in the vehicle control-pretreated mice. By contrast, 
inhibition of ghrelin signaling resulted in a dramatic decrease 
in the impregnation rate (Figure 2h). These results convin- 
cingly confirmed that activation of ghrelin signaling in 
spermatogonia is an indispensable defensive mechanism 
against testicular IR insult. 

Effects of ghrelin inhibition on spermatogenesis-related 
hormones after IR injury. Levels of hormones including T, 
luteinizing hormone (LH) and follicle-stimulating hormone 
(FSH) were assessed given their pivotal roles in the control of 
spermatogenesis.^^ Despite the reported inhibitory effect of 
the ghrelin signaling on testicular steroidogenesis,^^ mice 



maintained LH, T and FSH concentration fairly constant 
along the first 16 h after irradiation (Figures 3a-d). By 
contrast, the level of intratesticular T remained significantly 
high at post-1 R 21 days in both groups, with the highest level 
being detected in the D-GHRP-treated groups at this time 
point (Figure 3a). Consistently, a significant decrease of the 
plasma LH could also be detected in both groups at 
post-treatment 21 days, with the lower value observed in 
the D-GHRP-treated groups (Figure 3c). Moreover, the 
plasma FSH levels in two experimental groups were both 
substantially elevated at post-1 R 21 days, with no difference 
being detectable between different groups (Figure 3d). 
These data suggest that ghrelin signaling may be involved 
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Figure 2 The transient anti-apoptotic effect of endogenous ghrelin on differentiating spermatogonia is required for their early recovery from testicular IR stress (2 Gy). 
(a) Schematic representation of the experimental procedure used in the current study, (b) Abolishment of I R-induced ghrelin nuclear translocation by intraperitoneal injection of 
a specific GHS-R1a antagonist was observed at the end of 16h after IR treatment by immunohistochemical staining. LC, Leydig cell; Spg, spermatogonia. Bar = 20^m. 
(c) Quantification of the apoptotic index in Ctrl vehicle or D-GHRP-pretreated groups, as described above, at different time points after IR stress. Data were presented 
as mean±S.E.M. from at least three independent experiments, (d-f) Relative change of germ cell percentage 16h/21 days after IR was examined by flow cytometry, 
(g) The deleterious effects of ghrelin inhibition on the spermatogenic differentiation at post-IR 16 h was evaluated by qRT-PCR analyses using specific primers forZb^y^and 
Pou5f1 (undifferentiated spermatogonia), for /C/fand So/?//?2 (differentiating spermatogonia) and for idih-c4 (preleptotene spermatocytes), respectively. Gapcy/? served as an 
internal control. Results presented as mean ± S.E.M. of three independent experiments. *P< 0.05. (h) Fertility tests in Ctrl vehicle or D-GHRP-pretreated mice were carried out 
as described in Materials and Methods 



in the serological change during the late recovery from 
testicular IR injury. 

Regulation of ghrelin expression by testicular oxidative 
stress in response to IR injury. Testicular IR induced 



oxidative stress, which was characterized by the elevated 
generation of malondialdehyde (MDA) (Figure 4a) and 
increased expression of antioxidants (Figures 4b and c).^^ 
The supplementation of exogenous antioxidants (Vit C + Vit E) 
could significantly reduce I R-induced testicular oxidative 
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Figure 3 Effects of suppression of ghrelin patliway on spermatogenesis-related liormones levels after testicular IR injury (2Gy). At different time points after IR 
treatment, serum and testicular extracts were obtained from different experimental groups as indicated, and intratesticular testosterone (T) (a), and plasma T (b), LH (c), 
FSH (d) were assayed as described in the Materials and Methods. Results are mean ± S.E.M. of five animals per group. A probability of P<0.05 was considered 
statistically significant 



stress (Figures 4a-c). Interestingly, IR evoked a notable rise 
in ghrelin expression at post-IR 16h, whereas repeated 
administration of Vit C + Vit E prior to irradiation significantly 
compromised this upregulation (Figure 4d). Consistently, 
only a small fraction of nuclear-positive staining was 
observed in Vit C + Vit E-pretreated mice at post-IR 16 h 
(Figure 4e). To determine whether oxidant system or 
antioxidant system regulates ghrelin expression during IR 
injury, we examined the ghrelin expression following 
low-dose irradiation (2Gy) or high-dose irradiation (5Gy). As 
increased intension of irradiation, the significant increased 
MDA concentration (Supplementary Figure S6a), down- 
regulation of glutathione peroxidase (GPX) (Supplementary 
Figure S6b) and total superoxide dismutase (T-SOD) level 
(Supplementary Figure S6c) at post-IR 16 h implied severe 
damage in the testes. High-dose irradiation dramatically 
reduced the IR-elicited ghrelin expression in testes 
(Supplementary Figure S6d). Consistently, the nuclear 
staining ghrelin frequently observed at specific stages 
following low-dose irradiation was barely detectable after 
high-dose irradiation (Supplementary Figure S6e). To further 
define the specific antioxidant signaling, which may regulate 
ghrelin expression during IR, we treated mice with T-SOD 
inhibitor lOmin before irradiation. Surprisingly, inhibition of 
T-SOD activity substantially abolished the IR-induced upre- 
gulation (Figure 4f) and nuclear translocation (Figure 4g) of 



testicular ghrelin at post-IR 16h. The modulation of oxidative 
signaling on IR-induced ghrelin expression was further 
confirmed using immunoblotting analyses in spermatogonia 
nuclear extracts (Figure 4h). Thus, T-SOD activation elicited 
by oxidative stress may act on the top of ghrelin signaling 
during the early recovery after IR stress. 

Requirement of p53 transactivation in IR-induced glire- 
lin expression. P53-dependent apoptosis accounted for the 
bulk of the loss of the differentiating spermatogonia after 
IR.^"^ In this context, we examined the association between 
endogenous ghrelin and p53 in testicular nuclear extracts at 
post-IR 16h. The interaction could be detectable only in the 
presence of IR stress (Figure 5a). Similarly, in cultured 
spermatogonia, IR stress elicited a notable interaction 
between p53 and ghrelin, which could be substantially 
compromised by the treatment with Vit C+ Vit E, DEDT or 
D-GHRP, respectively (Figure 5b). We then treated mice with 
a specific chemical inhibitor of p53 pathway prior to the IR 
treatment. As expected, a single intraperitoneally (i.p.) 
injection of PFTa 5 days prior to the IR experiments impaired 
activation of endogenous cellular p53-responsive genes, 
including cyclin G, p21/waf1/cip1 and /?7d/?72 (Supplementary 
Figure S7a), and consequently reduced the GC apoptosis at 
post-IR 16 h (Supplementary Figure S7b). Consistently, few 
spermatogonia in the PFTa-treated testes were found 
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Figure 4 Testicular oxidative stress regulates ghrelin expression during IR injury (2 Gy). Effects of IR treatment along with antioxidants supplement on oxidative stress 
parameters including malondialdehyde (MDA) (a), glutathione peroxidase (GPX) (b) and total superoxide dismutase (T-SOD) (c) were determined 16 h after irradiation as 
described in the Materials and Methods. Data were presented as mean ± S.E.M. from at least three independent experiments, (d) Effects of antioxidants supplement on 
IR-elicited ghrelin expression level were measured using western blotting at post-IR 16 h. Actin served as a loading control, (e) Effects of antioxidants supplement on IR-elicited 
ghrelin expression pattern were evaluated using immunohistochemistry. Spg, spermatogonia. Bar = 20^m. (f) Effects of diethyldithiocarbamic acid sodium salt trihydrate 
(DEDT) treatment on IR-induced ghrelin expression level were measured using western blotting at post-IR 16 h. (g) Effects of DEDT treatment on IR-induced ghrelin 
expression pattern were evaluated using immunohistochemistry. Bar = 20 ^m. (h) Effects of DEDT, Vit C + E or D-GHRP treatment on IR-induced ghrelin expression pattern 
were verified in the nuclear extracts from cultured spermatogonia (Spg) using western blotting at post-IR 16 h. Lower panels represent the blots reprobed for the nuclear 
marker, namely hisone HI 



positive for ghrelin staining (Figure 5c). The inhibitory effect 
of PFTa on ghrelin nuclear translocation upon IR stress 
was confirmed using immunoblotting analyses in the 
extracts from isolated spermatogonia (Figure 5d). Moreover, 
inhibition of ghrelin signaling appeared to have no significant 
effect on IR-induced p53 pathway, as determined by qRT-PCR 
analyses using two p53-responsive genes (Figure 5e). These 
results suggest that the translocation of testicular ghrelin may 
achieve via a p53-dependent mechanism. 



Discussion 

In the present study, a single IR induced a dramatic increase 
in the ghrelin expression level at both time-points studied. 
However, upregulation of ghrelin expression was only 
positively correlated to the elevated apoptosis at post-IR 
16 h (Figure 1e), suggesting that the effect of ghrelin 
upregulation on GC injury mainly occurs during the very early 
phase after IR stress. In favor of this assumption, previous 
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Figure 5 Requirement of p53 transactivation in IR treatment (2 Gy)-induced nuclear translocation of testicular ghrelin. (a) Enhancement of the association between 
testicular ghrelin and endogenous p53 in response to IR treatment was demonstrated using a Co-immunoprecipitation (Co-IP) assay followed by western blotting analysis at 
16 h after irradiation. Testicular lysates (30 fig of protein, no Co-IP) and Co-IP performed with normal goat (Gt) IgG served as positive and negative controls, respectively, 
(b) Effects of Vit C + E, DEDT or D-GHRP treatment on IR-induced interaction between ghrelin and p53 were verified in the nuclear extracts from cultured spermatogonia 
(Spg) using Co-IP followed by immunoblotting analyses at post-IR 16 h. (c) Effects of PFTa pretreatment on IR-induced ghrelin expression pattern were determined using 
immunohistochemistry at 16 h after IR. LC, Leydig cell; Spg, spermatogonia. Bar = 20^m. (d) Effects of PFTa pretreatment on IR-induced ghrelin nuclear translocation were 
verified in the nuclear extracts from cultured spermatogonia (Spg) using western blotting at post-IR 16 h. Lower panels represent the blots reprobed for the nuclear marker, 
namely hisone HI. (e) Effects of ghrelin inhibition on p53 activity upon IR stress were evaluated using qRT-PCR analyses with two p53 pathway molecules in D-GHRP or 
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studies have demonstrated the involvement of exogenous 
ghrelin in the acute injury in other tissues. Intravenous 
injection of ghrelin could attenuate sepsis-induced acute lung 
injury and mortality.^^ Similarly, ghrelin exerts a hepatopro- 
tective effect on carbon tetrachloride-induced acute liver 
injury. In this context, it is possible that enhanced production 
of endogenous ghrelin in irradiated testis may serve as a rapid 
response mechanism. 

One distinguishing feature in our study is a dramatic 
decrease of ghrelin expression in LOs took place immediately 
after I R (Figure 1c). This is understandable as the pathological 
conditions of irradiated testes are usually counter-conducive 
to LOs status. However, impairment of ghrelin expression in 



LOs apparently did not cause much deleterious effects on LOs 
function during the early recovery, because a significant 
increase in the intratesticular T level can only be detectable at 
post-IR 21 days, with a higher value being observed in the 
D-GHRP-pretreated groups (Figure 3a). This observation is in 
line with the previous report that LOs are more resistant to 
irradiation injury when compared to GOs.^^ The relevance of 
this observation is two-fold: (1 ) it further documents the ability 
of ghrelin to negatively modulate testicular steroidogenesis; 
(2) it demonstrates for the first time that testis may use the 
upregulation of intratesticular T level, which may result from 
the downregulation of ghrelin expression, as a self-recovery 
promoting mechanism, as it has been shown that continuous 
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treatment with T after IR markedly stimulated the recovery of 
spermatogenesis.^^ 

I R efficiently induces death of GCs, with the actively dividing 
spermatogonia being the most susceptible; doses as low as 
0.1 Gy are known to cause damage to these cells.^ In our 
experiments, ghrelin expression in spermatogonia was 
dramatically increased after IR treatment (Figures 1c and d), 
suggesting a direct involvement of this molecule in local 
control of premeiotic homeostasis upon IR insult. Our 
localization result was not in agreement with the previously 
reported presence of ghrelin in rodent testis, in which ghrelin 
was found to express dominantly in LOs.^^ Three reasons 
may help to explain this expression discrepancy, (i) Expres- 
sion of GHS-RIa has been demonstrated in the tubular 
compartment of the testis. So theoretically, ghrelin may 
directly participate in the local regulation of GO function, 
(ii) Redistribution of proteins within the various cell 
compartments presents an important way of regulating the 
cellular responsiveness to stress conditions. ^° In this sense, 
trafficking of ghrelin following irradiation emphasizes its 
unique action as an intrinsic autocrine/paracrine modulator 
during IR injury, (iii) IR-induced specific ghrelin signals were 
exclusively observed in spermatogonia at defined stages 
of the seminiferous epithelial cycle (at stages ll-VIII). 
The physiological meaning of such a staged expression 
pattern awaits further investigation, although it is tempting to 
point out that these stages correlated well to the development 
of spermatogonia.^^ Thus, ghrelin may exert certain effects on 
testicular mitosis in response to IR stress. 

Further evidence for a functional role of elevated 
ghrelin expression is provided by its ability to elicit protective 
effect on differentiating spermatogonia in the presence of 
testicular IR. Inhibition of the interaction between ghrelin and 
its receptor using D-GHRP efficiently suppressed the 
nuclear translocation of ghrelin from post-irradiation 16 h 
onwards (Figure 2b) but only selectively resulted in an 
upregulated apoptosis at post-irradiation 16 h (Figure 2c), 
suggesting that the transient protective effect of ghrelin on 
GCs mainly occurs during the early recovery phase. 
Subsequent FAGS analyses further confirmed that sperma- 
togonia were the cell types most vulnerable to radiation- 
induced damage (Figures 2d-f), which points to a direct 
cause-and-effect relationship between the disruption of 
ghrelin signaling and IR-induced premeiotic damage. 
Specificity of the protective effects of ghrelin upon testicular 
IR stress is indirectly shown by the fact that inhibition of 
ghrelin signaling significantly enhanced the impairment of 
the expressions of two markers for differentiating spermato- 
gonia, namely Kit and Sohlh2 (Figure 2g), indicating that the 
differentiating spermatogonia are probably the main action 
sites of ghrelin during IR injury. Of note, at post-1 R 45 days, 
when spermatogenesis is supposed to be fully reconstituted, 
the impregnation rate of D-GHRP-treated mice was still much 
lower than that of vehicle-treated mice (Figure 2h). Thus, the 
protective effects of ghrelin, though transient along testicular 
IR injury, have a profound influence on the post-injury 
recovery of male fertility. 

Testicular expression of ghrelin in response to IR appeared 
to be exquisitely regulated. First, expression levels of ghrelin 
were significantly downregulated immediately after 



antioxidant supplementation (Vit G + Vit E; Figures 4d, e 
and h), which suggests that IR-induced ghrelin expression is 
tonically modulated (either positively or negatively) by 
oxidative 

stress. Indeed, deregulated ghrelin levels have been 
frequently associated with oxidative stress in different human 
pathologies. ^^"^"^ Furthermore, the exogenous ghrelin can 
exert protective effects against oxidative stress under 
different pathological conditions. Our findings extend these 
understanding by identifying IR-elicited oxidative stress as a 
potent stimulus of testicular ghrelin expression. However, 
antioxidant system rather than oxidative damage per se 
appeared to play a more prominent role as the elicitor of 
testicular ghrelin during IR injury (Supplementary Figure 6). 
This contention may also explain why IR-induced ghrelin 
expression only occurs during the very early phase of 
recovery, as the antioxidant system is usually compromised 
at a later stage of tubular damage. Concerning the 
enzymatic constituents of this defense system, SOD functions 
as the first and rate-limiting step of rapid conversion of 
superoxide anion (02~ ) to hydrogen peroxide (H2O2) in order 
to prevent highly pernicious hydroxyl radicals. Recent 
studies reveal that SOD plays an important role against 
testicular oxidative damage in spermatogonia.^^ In our study, 
SOD appeared to be the specific antioxidant signaling 
modulating ghrelin expression during IR injury (Figures 4f-h). 
Our results also indicate that the protective effect of SOD 
system may execute via the regulation of local-produced 
ghrelin. From a general standpoint, it is intriguing to note that, 
although testicular oxidative stress is known to be detrimental 
to spermatogenesis in a number of pathological conditions, 
ghrelin action in spermatogonia appears to be a specific 
response to the IR insult (Supplementary Figure 8). 

Structurally, we did not find any nuclear localization signal 
(NLS) in ghrelin amino acid sequence. So, how did IR-elicited 
ghrelin translocate from the cytoplasm to the nuclear? One 
possibility is that ghrelin travels with the assistance of other 
trafficking regulators in the presence of IR stress. This is very 
common in other apoptosis regulators such as Rapl and 
Ndrg2.^°'^^ Radiation-induced oxidative stress transiently 
upregulates p53 expression and induced nuclear transloca- 
tion of p53 in actively dividing spermatogonia, where p53 
functions as a transcription factor that regulates the expres- 
sion of stress-response genes.^^ Consistently, we showed 
that the nuclear interaction between endogenous ghrelin and 
p53 could only be detectable in irradiated testes and cultured 
spermatogonia (Figures 5a and c) and in vivo inhibition of p53 
signaling substantially abolished the IR-induced nuclear 
relocation of ghrelin in spermatogonia (Figure 5c). Regarding 
the directionality of IR-elicited p53 and ghrelin signaling, we 
reason that (i) IR-evoked ghrelin expression may require p53 
as the functional assistance mechanism, similar as the 
requirement of p53 by ghrelin signaling in other pathogen- 
esis;^^''^° (ii) on the other hand, ghrelin may operate as a 
relatively independent signaling during testicular IR injury, 
because inhibition ghrelin by in vivo D-GHRP treatment had 
no effects on p53 activity (Figure 5e). Additionally, p53 has 
been reported to be upregulated by oxidative stress, followed 
by the p53-dependent transcriptional induction of several 
target genes involved in the induction of apoptosis.'^'' It is a 



Cell Death and Disease 



Role of ghrelin in testicular radiation injury 

WLi etal 



logical hypothesis that apoptosis and nuclear translocation of 
ghrelin following radiation are both p53-dependent events. 

In summary, we propose a model in which IR induces DNA 
damage within the differentiating spermatogonia, and in which 
p53, an intracellularly activated apoptotic protein, is stabilized 
by oxidative stress within GCs in response to the injury. This, 
in turn, leads to the activation of the antioxidant system, 
followed by a nuclear accumulation of ghrelin. The latter may 
serve as a mutual antagonist of p53 and help to maintain 
proper apoptotic balance in differentiating spermatogonia. On 
the other hand, the impairment of intratesticular environment 
by IR injury results in the downregulation of ghrelin expression 
in LCs and the subsequent increase in androgen production 
during the later phase, which may enhance the recovery of 
remaining GCs after testicular IR injury. Overall, the delicate 
regulation of local-produced ghrelin appears to be a fine-tune 
mechanism modulating the balance between testicular home- 
ostasis and testicular IR injury (Figure 6). 

Materials and Methods 

Animals and drugs. Wild-type C57BL/6 male mice were obtained from the 
Animal Research Center of Fourth Military Medical University and maintained on a 
12-h light/1 2-h dark in a 20-25 °C environment, with free access to standard pellet 
mouse chow and tap water. They were allowed to acclimatize for 10 days before 
the experiment. In all experiments, mice were killed under diethyl ether anesthesia, 
followed by cervical dislocation. Testes were immediately removed and 
decapsulated (free of surrounding epididymal fat). For histological studies, testes 
were fixed in Bouin's solution for 24 h and embedded in paraffin. For biochemical 
analysis, testes were frozen in liquid nitrogen and stored at -SOX until 
processing. All animal work was approved by the Animal Care and Use Committee 
of Fourth Military Medical University and the protocols were strictly conformed to 
the Guide for the Care and Use of Laboratory Animals published by the National 
Institutes of Health (NIH publication No. 85-23, revised 1996). All efforts were 
made to minimize suffering. [D-Lys-3]-GHRP-6 (D-GHRP), a specific GHS-RIa 
antagonist, was purchased from Sigma-Aldrich (Beijing, China).Vitamin C and 
vitamin E were obtained from Sigma Diagnostics (St Louis, MO, USA) and Sigma- 



Aldrich (Beijing, China), respectively. Diethyldithiocarbamic acid sodium salt 
trihydrate (DEDT), an inhibitor of T-SOD, and pifithrin-a (PFTa), a specific 
chemical inhibitor of p53 activity, were both provided by Santa Cruz Biotech 
(Dallas, TX, USA). 

Experimental designs. In Experiment 1, effects of IR on ghrelin expression 
were studied at the transcriptional and translational levels from two time points 
(n = 5). The first time point (16 h) was chosen because apoptosis of the murine 
testicular GCs, which starts approximately 8h after IR, increases to maximum 
effect at about 16 h. The second time point (21 days) was selected because 
differentiation of mouse testicular GCs from early spermatogonia to spermatocytes 
and to spermatids lasts approximately 9 and 18 days, respectively. To this end, 
effects of I R on spermatogenesis could be reflected from the reduction in the 4C 
population of spermatocytes and the 1C population of spermatids at the 
21st day after irradiation.^ In addition, testicular samples were taken at 16h after 
IR, and processed for immunohistochemical and double immunofluorescent 
analyses of ghrelin expression pattern, as described below. In addition, effects of 
IR treatment on ghrelin nuclear translocation were also verified in cultured 
spermatogonia. 

The involvement of endogenous ghrelin in response to testicular IR stress was 
evaluated in Experiment 2. To this end, mice were injected i.p. with either D-GHRP 
(Sigma-Aldrich, 0.1 ml/10 g of bodyweight; n= 15) or vehicle control (0.9% sterile 
saline; n= 15) on daily basis for 50 days. At the 5th day after D-GHRP/vehicle 
control treatment, animals were subjected to IR experiments and testicular tissues 
were harvested at different time points. Testicular ghrelin expression pattern, 
studied by immunohistochemistry, was compared to the IR-induced testicular 
apoptosis. In addition, the effects of disruption of ghrelin signaling on GC 
composition and mitotic differentiation after IR were determined by flow cytometry 
and qRT-PCR, respectively, in Experiments. We then studied the influence of the 
ghrelin inhibition on mouse fertility 45 days after IR treatment in Experiment 4, given 
that murine spermatogenesis has been shown to be completely reconstituted at this 
time point after low-dose irradiation.^^ Meanwhile, serum or intratesticular levels of 
T, LH and FSH were monitored in D-GHRP/vehicle control-treated mice at different 
time points after IR in Experiment 5. 

The ability of IR-induced oxidative stress to regulate testicular expression of 
ghrelin was monitored in Experiment 6. To this end, mice were supplemented with 
vitamin C (4.8 mg/day) and vitamin E (3.6 lU/day) 7 days prior to IR treatment, and 
mice were maintained on the supplement for additional 2 days after IR treatment. 
The supplement was prepared fresh daily in liquid form, soaked onto a small piece 




Figure 6 Summary diagram of the possible mechanisms related to testicular ghrelin function contributing to maintenance of the apoptotic balance during the early 
recovery after IR stress. Spg, spermatogonia; Spc, spermatocyte; Rsd, round spermatid; Esd, elongating/elongated spermatid 
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of bagel, and allowed to dry (dry weight of supplement = 130 mg per mouse based 
on a 35 g mouse). The bagel bits were rapidly eaten, ensuring mice obtained full and 
equivalent doses. Subsequently, expression profile of testicular ghrelin was 
explored using immunoblotting and immunohistochemistry. To further characterize 
the role of antioxidant systems and oxidative stress in the IR-induced ghrelin 
expression, testicular samples were taken from low dose- (2 Gy) or high dose- (5 Gy) 
irradiation-treated mice at the end of 1 6 h after IR, and processed for ghrelin expression 
analysis using immunoblotting and immunohistochemistry in Experiment 7. 
Of note, concentrations of MDA and enzymatic antioxidant activities including 
T-SOD and GPX were monitored spectrophotometrically in both Experiments 6 
and 7. Furthermore, the potential involvement of T-SOD in the regulation of 
IR-induced ghrelin expression was explored in Experiment 8. Mice were injected 
with DEDT (200mg/kg, i.p.) 10min before IR. Expression levels of ghrelin were 
then assayed at the end of 16h after IR by means of immunoblotting and 
immunohistochemistry. In the above-mentioned experiments, paired vehicle- 
injected animals served as controls. 

In Experiment 9, effects of testicular oxidative stress on IR-induced 
ghrelin expression were confirmed in the cultured spermatogonia. Additionally, 
in Experiment 10, the requirement of p53 signaling for the IR-induced ghrelin 
expression was determined in vivo using a specific chemical inhibitor of p53 
activity, namely PFTa. Mice received a single i.p. injection of 2.2 mg/kg of PFTa 
10min before irradiation. At the end of 16 h after IR, testis samples were 
processed for immunohistochemical analysis. In the mean time, the inhibition of 
PFTa on IR-induced interaction between p53 and ghrelin was confirmed by co- 
immunoprecipitation (Co-IP) and immunoblotting analyses in both testicular 
tissues and cultured spermaogonia. Finally, in Experiment 11, the directionality of 
p53 and ghrelin interaction in response to IR stress was evaluated in D-GHRP- 
treated testes using qRT-PCR with two p53 pathway molecules. 

IR experiments. IR experiments were carried out as described previously.^ 
Briefly, unanesthetized mice were restrained in polystyrene chambers, and the 
upper two-thirds of the body were shielded with 3 mm of lead. Animals or cultured 
spermatogonia received a dose of 2.0 Gy (unless otherwise indicated) irradiation 
at a rate of 1 .04-1 .68 Gy/min using a 320-kVp Philips industrial X-ray machine 
(GMBH, Hamburg, Germany). After exposure, cells were subjected to cytoplasmic 
and nuclear fractionation analysis using the Subcellular Protein Fractionation 
Kit for Cultured Cells (Thermo Scientific, Beijing, China) according to the 
manufacturer's instructions. 

Hormone assays. Mice were killed at different time points as described 
above. A mid-line sternotomy was performed and 1 ml of blood was drawn by 
cardiocenthesis. After 15min of centrifugation at 3000 x g^, the serum was 
collected and stored at - 20 °C until analysis. Levels of T, LH and FSH were 
measured by RIA in plasma or in supernatants of total testicular homogenates as 
described previously."^^ All samples were assayed in duplicate, and each 
experimental data point consisted of 3-5 samples. Intra- and inter-assay 
coefficients of variation were approximately 8.3 and 7.8%, respectively, for T; 6.3 
and 5.5% for LH; and 4.9 and 2.6% for FSH. 

Assessment of male fertility. The reproductive capacities of experi- 
mental mice were evaluated by mating one male with two females for a 2-week 
duration as described previously.^^ Female mice were checked for vaginal plugs 
each morning and litter sizes were recorded on delivery from three successive 
matings. 

Evaluation of oxidant and antioxidant statuses. The oxidant and 
antioxidant statuses were determined in the tissue homogenates as described 
elsewhere.^^ Briefly, fresh testicular tissues were homogenized in ice-cold NaCI 
solution. The homogenate was centrifuged at MOOxg at 4°C for 15min. 
Subsequently, the MDA, GPX and T-SOD levels in the supernatant were 
assayed spectrophotometrically using commercial kits (Jiancheng Bioengineer- 
ing, Nanjing, China), and absorbance was read on a standard microplate reader 
(#680; Bio-Rad Laboratories, Hercules, CA, USA), using 532 nm for MDA, 
412 nm for GPX and 560 nm for T-SOD as the primary wavelengths, 
respectively. 

qRT-PCR. Total RNA was extracted from murine testes using RNeasy Mini 
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. 
Routine DNase (Applied Biosystems/Ambion, Austin, TX, USA) treatment (1 unit of 



DNase l/fig of total RNA) was performed before reverse transcription (RT). First- 
strand cDNA was synthesized with Superscript III (Rnase H-Reverse Tran- 
scriptase; Invitrogen, Beijing, China) and PCR was set up according to Promega's 
reverse transcription system protocol. The primers used are listed in 
Supplementary Table 1. The amplification of Gapdh was served as the internal 
control. PCR products were then quantified by SYBR green intercalation using the 
MiniOpticon System (Bio-Rad). Gapdli was used to obtain the values for the 
calculation of fold increases. 

In situ end labeling of fragmented DNA (TUNEL). Apoptotic cells in 
testicular sections were identified using In Situ Cell Death Detection Kit, POD 
(Roche Applied Science, Mannheim, Germany) following the manufacturer's 
instructions. Briefly, slides were saturated with 50 fi\ of an equilibration buffer (EB: 
200 mM K-cacodylate, 25 mM Tris-HCI, pH 6.6, 0.2 mM DTT, 0.25 ^g/^l bovine 
serum albumin (BSA), 2.5 mM CoCy under a plastic coverslip (Millipore, Beijing, 
China) to prevent evaporation for lOmin, followed by the incubation with the 
TUNEL reaction mixture and 1^1 of 25Units/^l of terminal deoxynucleotidyl 
transferase. The TUNEL reaction mixture was evenly spread under a plastic 
coverslip, and slides were incubated at 37 °C for 1 h. The reaction was terminated 
by immersing the slides in 2 x sodium chloride and sodium citrate (2 x SSC: 
300 mM NaCI, 30 mM Na-citrate, pH 7.4) for 15min at room temperature. 
Quantification of relative apoptotic rate in testicular sections was carried out as 
described elsewhere.^ Briefly, slides were blinded, and each tissue section was 
examined for TUNEL-positive cells, and the apoptotic index was determined by 
the ratio of the number of essentially round seminiferous tubules with more than 
three TUNEL-positive cells relative to the total number of essentially round 
tubules. For testis section, at least 200 tubules were scored for TUNEL 
positivity. Fluorescent microscopic images were visualized on an inverted 
microscope (Axio Imager Ml microscope, Zeiss, Gottingen, Germany). Images 
were downloaded into and finally assembled by Photoshop 7.0 imaging 
software (Adobe Systems, San Jose, CA, USA). 

Flow cytometry. GCs were released from seminiferous tubules in PBS 
according to the previous report."^^ After GCs were stained with 25 mg/l ethidium 
bromide (Sangon Biotech, Shanghai, China), samples were analyzed by flow 
cytometer (BD Biosciences, San Jose, CA, USA) with an excitation wavelength of 
488 nm. 

Co-IP. Testicular tissues were collected at the end of 16h after IR treatment. 
Lysates were obtained by homogenizing tissues in IP lysis buffer (lOmM Tris, 
0.15 M NaCI, 1% Nonidet P-40, and 10% glycerol, pH 7.4 at 22 X) 
supplemented with protease and phosphatase inhibitor mixtures (Roche 
Diagnostic, Mannheim, Germany), sonicating, and centrifuging at 15 000 x^f 
for 20min to obtain the clear supernatant. The lysates (~200^g) were 
incubated with goat-anti p53 or control goat (Gt) IgG antibodies at 4°C 
overnight. On the following day, protein A-Sepharose (Pierce, Rockford, IL, 
USA) was added into lystates and the compound was incubated at 4°C for 
another 2h. Immunocomplexes were finally eluted from the sepharose beads 
by boiling in Laemmli sample buffer and subjected to SDS-PAGE of 
immunoblotting analysis with rabbit-anti ghrelin antibody as described below. 
Immunoblotting analysis using testicular lysates (30 ^g of protein, no Co-IP) 
served as positive controls. 

Western blotting. Protein samples were prepared in ice-cold RlPA buffer 
(Tris-HCI 50 mM, NaCI 150 mM, Triton X-100 1%, vol/vol, sodium deoxycholate 
1%, wt/vol, and SDS 0.1%, wt/vol, pH 7.5) supplemented with complete 
proteinase-inhibitor cocktail tablets (Roche Diagnostic, Shanghai, China). Protein 
estimation was performed by spectrophotometry with a Bio-Rad DC Protein Assay 
Kit using BSA as a standard and a Bio-Rad Model 680 Plate Reader. A quantity of 
30 fig of total protein was separated on 8-15% SDS-PAGE and transferred to 
nitrocellulose membrane (Millipore). Membranes were then incubated with different 
primary antibodies, as indicated in Supplementary Table 2, in blocking solution 
overnight at 4°C. Final signals were detected using an ECL kit (Amersham 
Biosciences, Shanghai, China). 

Immunohistochemistry. The streptavidin-biotin complex method was 
employed in the immunohistochemical assay on serial 5-^m sections as 
previously described."^^ Briefly, sections were deparaffinaged, rehydrated to 
distilled water, and immersed in boiling citrate buffer for 10 min to retrieve antigen. 
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After endogenous peroxidase activity had been blocked with 0.3% H2O2 in 
methanol for 30min, slides were incubated with the primary antibody diluted in 
PBS, at 4 °C overnight in a moist box. Biotinylated IgG was incubated on the 
sections for 1 h at room temperature and detected with streptavidinperoxidase 
complex. Peroxidases were detected with 0.7mg/ml 3-3'-diaminobenzidine 
tetrahydrochloride (Sigma, St. Louis, MO, USA) in 1.6mg/ml urea hydrogen 
peroxide. Control slides were incubated with a preabsorbed serum instead of 
primary antibody. 

Combined TUNEL and double immunofluorescent labeling. The 

double-labeling assay for detecting apoptotic cells and ghrelin-positive 
cells was carried out as described elsewhere.^^ Briefly, after slides had 
been stained with TUNEL kit as described above, slides were washed three 
times in PBS for 10min. In order to reduce nonspecific background, the 
sections were blocked with 2% sheep and horse sera in PBS for 30min at 
room temperature. The sections were then incubated with the blocking 
solution containing the primary antibody, at 4°C overnight in a moist box. 
Slides were washed three times in PBS for 10min prior to addition of 
rhodamine-labeled antibodies (Jackson Immune Research Laboratories, West 
Grove, PA, USA). Nuclei were visualized by 10-min staining of 4',6-diamidino-2- 
phenylindole (DAPI; dilution 1:2000; Sigma).The sections were mounted 
in 80% glycerol and examined with an inverted microscope (Axio Imager M1 
microscope; Zeiss). 

Statistical analysis. Results are presented as mean ± S.E.M. from at least 
three independent experiments, and were analyzed for statistically significant 
differences using Student's f-test. A P-value of <0.05 was considered statistically 
significant. Statistical analyses were performed by using SPSS 15.0 software 
(IBM, Somers, NY, USA). 
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